Abstract. Cervical cancer is the fourth leading cause of cancer mortality in females worldwide. Infection with high-risk human papillomavirus (HPV) is essential but insufficient to cause cervical cancer, and the clearance of HPV infection is mediated by the immune system. The deficit of molecules responsible for adhesion may play a role in the development of cervical cancer. E-cadherin is encoded by the cadherin 1 (CDH1) gene, and is involved in cell adhesion by forming adherens junctions. The aim of present study was to investigate the methylation pattern of the CDH1 promoter and to identify the association between CDH1 promoter hypermethylation, CDH1 gene expression and HPV infection in cervical specimens obtained from 93 patients with low-grade squamous intraepithelial lesions (SILs), high-grade SILs or squamous cell carcinomas, and from 47 patients with normal cervical cytology (HPV-negative). The methylation pattern of the CDH1 promoter was investigated by methylation-specific polymerase chain reaction and quantitative pyrosequencing. CDH1 gene expression was measured by relative quantification. CDH1 methylation was significantly higher in both types of lesions and in cervical cancer than in normal samples, and CDH1 gene expression was significantly reduced during SIL progression (P= 0.0162). However, the influence of HPV infection or HPV E6 expression on the methylation pattern of the CDH1 gene or its gene expression levels could not be confirmed. The present results support that the methylation of the CDH1 gene is age-related in patients with cervical lesions (P=0.01085), and therefore, older patients could be more susceptible to cancer than younger patients. The important methylation of the CDH1 promoter occurred near the transcription factor binding sites on nucleotides -13 and +103, which are close to the translational start codon. These results suggest that methylation at these sites may be an important event in the transcriptional regulation of E-cadherin, and in patients harboring these methylated cytosines, this event may facilitate HPV-driven carcinogenesis.
Introduction
Cervical cancer is the fourth leading cause of cancer-associated mortality in females worldwide (1) . The development of invasive cervical cancer is strongly associated with human papillomavirus (HPV) infection (2, 3) . The presence of high-risk HPV DNA, viral oncogene expression (E6 and E7) and interaction of viral oncoproteins with growth-regulating host-cell proteins has been established as the major risk factors for cervical cancer development (3) . A well-known consequence of deregulated expression of E6 and E7 is chromosome instability, which contributes to the accumulation of aberrations in host cell genes over time (4, 5) . Following HPV infection, cervical cancer develops through a series of subsequent steps, including development of precancerous lesions, cervical intraepithelial neoplasia (CIN) grades 1-3 (CIN 1-3) and progression to cervical cancer (6) . To overcome the limitations of morphological diagnosis, molecular diagnostic tests have been developed as a complementary form of testing, and HPV tests have been introduced into different testing algorithms, particularly in countries with underdeveloped health systems (7) . However, it is known that only a small fraction of patients with high-risk HPV infection develop clinically relevant cervical lesions, and usually these viruses are eventually cleared from the tissue (7, 8) . Therefore, broad application of cervical cytology screening has been associated with a dramatic reduction in cervical cancer incidence and mortality (9) . The Bethesda system, used to communicate accurately the risk of cervical cancer, enables to classify cytological samples into six categories (10) . The second most common abnormal cytology results are low-grade squamous intraepithelial lesions (LSILs), and the risk of CIN 2-3+ at initial colposcopy following an LSIL result is 15-30% in the majority of studies (11, 12) . CIN 2 or 3 has been reported in ≥70% of women with cytology results of high-grade SILs (HSILs) (13) . Since the sensitivity range of conventional cytology is very broad (30-70%) , it has limited efficacy as a single screening method, and all abnormal cytology results must be evaluated by histopathology (11, 12) . The combination of cytology and HPV testing has markedly increased the sensitivity of early detection of cervical cancer (12) .
Infection with high-risk HPV is not sufficient for cancer development, and the clearance of HPV infection is mediated by the hosts' immune system, particularly by migration of Langerhans cells (LCs) within the infected epithelium (14) . LCs interact with keratinocytes trough E-cadherin-mediated contact (15) , which is important for maintaining the immune response during chronic HPV infection (14) . The deficit of molecules responsible for adhesion may be important in the development of cervical cancer (16) . E-cadherin, encoded by the cadherin 1 (CDH1) gene, is a transmembrane glycoprotein localized at the surface of epithelial cells, and plays a pivotal role in cell-cell adhesion dependent on calcium ions (Ca 2+ ) (17) . E-cadherin is important for the maintenance of normal tissue architecture (18) , and therefore, it is considered as a suppressor of invasiveness and metastasis (19) .
Intensive studies on multiple types of human cancer detected reduced or lost expression of E-cadherin, thus, disturbance in E-cadherin expression may be one of the main events in the early and late steps of cancer development (20) . It is known that the expression of numerous genes is affected by the presence of hypermethylation of cytosine residues within CpG islands of the promoter region, resulting in loss of function or inactivation of tumor suppressor genes (21, 22) . Aberrant methylation patterns have been described for a diverse number of tumor suppressor genes in CIN lesions and in cervical cancer (21) (22) (23) . One of the most frequently methylated genes in transforming CIN lesions is CDH1 (24) . The comparable CDH1 methylation frequency in primary breast tumors and paired sentinel lymph node metastases indicates its important role in the development of metastasis, which may be clinically used for patient prognosis and for predicting early regional metastases (19) . CDH1 gene hypermethylation was detected in ~51.1% of cervical cancer tissue samples (24) .
The aim of the present study was to investigate the methylation pattern of the CDH1 promoter in order to identify potential novel factors involved in cervical carcinogenesis using only cytological samples, which could contribute to an improved sensitive detection of early cervical cancer. However, the current study did not identify any association between CDH1 promoter hypermethylation, CDH1 gene expression or HPV infection in cytological cervical specimens obtained from patients with different stages of SIL or carcinoma.
Materials and methods
Patients and clinicopathological findings. Cervical specimens were obtained from 93 patients with cervical lesions who underwent colposcopy or surgical treatment of the cervical lesion at the Department of Obstetrics and Gynaecology of Jessenius Faculty of Medicine in Martin (Martin, Slovakia) between January 2010 and August 2013. Clinical diagnosis was verified by histological examination. Other cervical specimens were collected from 47 patients with normal cervical cytology (controls), who were HPV-negative and had no previous history of cervical lesion treatment. All patients agreed to be included in the study and signed the informed consent form, which was approved by the Regional Ethical Committee at the Jessenius Faculty of Medicine, Comenius University in Bratislava (Martin, Slovakia). Cervical samples were collected by Dacron™-tipped swabs (BD Biosciences, Franklin Lakes, NJ, USA), and transferred to the medium used for transportation. Cytological samples were classified according to the Bethesda classification of 2001 (10) . The present study included 34 LSIL samples, 46 HSIL samples and 13 invasive squamous cervical cancer (SCC) samples. The presence of the HPV genotype was determined by a method described previously (25) .
Nucleic acid extraction and bisulfite conversion. Nucleic acids were extracted from cervical cells using MasterPure Complete DNA and RNA Purification kits (Epicentre, Madison, WI, USA). RNA was treated with DNase to eliminate DNA contamination, and all samples were stored at -80˚C. DNA was quantified by ultraviolet absorption, and 1-2 µg were used for bisulfite conversion, where unmethylated cytosines were converted to uracil using an EpiTect Bisulfite kit (Qiagen GmbH, Hilden, Germany) according to the manufacturer's protocol.
Methylation-specific polymerase chain reaction (PCR) (MSP).
The methylation status of the CDH1 promoter was investigated by MSP using a nested PCR approach. In the first step of the nested PCR, degenerated primers were used that flank the CpG-rich promoter region; do not discriminate between methylated and unmethylated nucleotides; and cover nucleotides -57 to +110 around the translational start region of CDH1. The PCR products of the first step were diluted 1:1,000 and subjected to the second step of MSP, which applied sets of specific primers for unmethylated or methylated DNA. The sequences of the primers used (which are shown in Table I ) were previously published in the literature (26) . The first step of the nested PCR was conducted in a 25-µl total reaction volume, containing Taq DNA polymerase (Roche Diagnostics, Indianapolis, IN, USA), 10X PCR buffer, 2.5 mmol/l MgCl 2 , 0.5 mmol/l of each of the four deoxynucleotides (Applied Biosystems; Thermo Fisher Scientific, Inc., Waltham, MA, USA) and 10 pmol/l of each forward and reverse primer for methylated and unmethylated DNA. The PCR was performed at 95˚C for 10 min, followed by 25 cycles of 95˚C for 30 sec, 62˚C for 30 sec and 72˚C for 30 sec. PCR was performed in a thermocycler with an annealing temperature of 60˚C. The PCR products were analyzed on a 1.75% agarose gel with ethidium bromide staining. The first-step PCR products were diluted 500-fold, and 1 µl of this dilution was added to the second PCR step in a 25-µl reaction volume, containing specific primers for methylated or unmethylated alleles. Amplification was performed in 25 cycles with an annealing temperature of 62˚C. Similarly, 5 µl of PCR products were loaded onto 1.75% agarose gels with ethidium bromide staining for analysis.
Quantitative pyrosequencing. Pyrosequencing was used to determine the percentage of methylation of 19 CpG islands within the minimal promoter region of the CDH1 gene (-68 to +124 bp relative to the transcription start site). In total, 20 ng of bisulfite-converted DNA was amplified using PyroMark PCR kit (Qiagen GmbH) and a primer set with biotin-labelled reverse primer. The PCR primer set and the sequencing primers (Table I) were designed using PyroMark Assay Design software version 2.0.1.15 (Qiagen GmbH), covering nucleotides from -57 to +116 around the CDH1 translational start site. Pyrosequencing was performed according to the manufacturer's protocol, using three assays with 4 pmol of the respective sequencing primer on a PyroMark Q96 ID System (Qiagen GmbH) with PyroMark Gold Q96 Reagents. Target CpGs were evaluated with the instrument software (PyroMark Q96 software version 2.5.8; Qiagen GmbH), which calculates the proportion of methylation at each CpG site as a C/T ratio according to the peak height. All replicates contained dilution series of control methylated DNA (0, 25, 50, 75 and 100%) mixed with unmethylated DNA following bisulfite conversion (Qiagen GmbH). org/web/packages/mgcv/index.html), randomForest (cran.rproject.org/web/packages/randomForest/index.html) and Deducer (www.jstatsoft.org/article/view/v049i08). Plots were produced by R version 3.2.1 libraries ggplot2 (ggplot2.org/) and plotmo (cran.r-project.org/web/packages/plotmo/index. html; verions 3.1.4), and multiple comparisons with the binomial exact test with false discovery rate (FDR) correction were conducted. P<0.05 was considered to indicate a statistically significant difference.
Results
Patients and clinicopathological findings. The promoter hypermethylation status of the CDH1 gene was examined in 47 specimens of normal cervical squamous epithelium and 93 specimens of SIL or carcinoma. The average age of patients with normal cervical epithelium and cervical lesion was 52.4 years (range, 25-77 years) and 41 years (range, . However, multiple comparison by the binomial exact test with FDR correction supported the claim that the presence of CDH1 methylation in SCC is equally probable as its absence (presence of methylation, <50% of SCC; P=1.0000), which supports the evidence that methylation occurs rather randomly in these cells and is not a marker of SCC. The observed relative frequencies of methylation in LSIL and HSIL were half of the expected value, and the unequal probability was statistically significant (P= 0.0012 and P=0.0005, respectively), which suggests that methylation in this lesions is not randomly, and may represent an early event.
The correlation of CDH1 methylation with age (threshold for age, 50 years) demonstrated a statistically significant difference in the control group and in the patients groups when χ 2 test with Yates' continuity correction was used. CDH1 promoter hypermethylation in the control group was almost absent (P=0.5000; one-sided 95% CI, -1.0000 to 0.055573), thus demonstrating no correlation with patient's age. However, CDH1 methylation was more frequent in patients older than 50 years (P=0.01085; one-sided 95% CI, -1.0000 to -0.0514).
When the frequency of HPV infection was compared in cervical lesions with methylated and unmethylated CDH1 promoters, no significant difference between both groups was observed (χ 2 test with Yates' continuity correction; P=0.6270 and one-sided 95% CI, for the probabilities of HPV infection -1.0000 to 0.2596). No change was observed when the cervical specimens were divided according to the severity of SIL (data not shown). excluded from the analysis due to the low quality of the pyrosequencing data. The average of percentage methylation for each of the 19 CpG islands was calculated for cervical lesions and control samples. Certain level of basal methylation was detected in control samples that were unmethylated by MSP. However, the average methylation levels of CpG islands in cervical lesions were significantly higher (P<0.05; Table II) for all nucleotides, with the exception of nucleotides -52 and -36, compared with the control group. When cervical lesions were divided according to severity (LSIL, HSIL and SCC) and compared with control samples, the mean methylation status for each CpG island was significantly higher in cervical lesions for the nucleotides described in Table II with significant P-values (as marked by asterisks).
The methylation level of MSP-methylated cervical lesions was also significantly higher in nucleotides -57, -45, -13, +9, + 70, +75, +80, +93 and +110 compared with MSP-unmethylated control samples (Table III) .
Association between MSP and pyrosequencing results.
To validate the results obtained in MSP and pyrosequencing analyses, the results of both methods were processed in a random forest analysis with MSP as response. This analysis identified the most important nucleotides, and the realistic (out-of-bag) estimate of the misclassification error was observed to be 37.5%. Subsequent multivariate logistic regression and Akaike information criterion (AIC) model selection narrowed down the set of important nucleotides to nucleotides -45, +70, +90 and +107 (P=0.0122, 0.0819, 0.1749 and 0.1240, respectively). The selected model was used for the receiver operating characteristic curve construction (Fig. 1) , with an area under the curve of 79.6%.
Effect of CDH1 hypermethylation on CDH1 gene expression.
The observed methylation pattern of the CDH1 promoter region was compared with the relative CDH1 gene expression. The mean level of CDH1 gene expression was 2.4153 in the control group (negative for intraepithelial lesion or dysplasia), 0.7944 in LSIL, 1.3402 in HSIL and 1.5110 in SCC (Fig. 2) . The Kruskal-Wallis rank sum test determined that the mean expression values were significantly different among the groups (P=0.0162).
The present study also investigated the association between the mean level of CDH1 gene expression and the presence of HPV infection. It was observed that HPV infection had no significant effect on CDH1 gene expression (P=0.8117; 95% CI, -∞ to 1.0659). In HPV16 and 18-positive samples, information about the oncogene E6 expression was also available. Overall, E6 expression did not have a significant effect on CDH1 gene expression (P=0.3299; 95% CI, -∞ to 0.4519), although the presence of E6 expression was significantly associated with decreased CDH1 gene expression in the LSIL group (P=0.03596; 95% CI, -∞ to 0.0445). By means of multivariate regression model, the association between CDH1 gene expression and methylation of the nucleotides was explored separately for cervical lesions and for normal cervical epithelium. Upon model building (exploratory analysis, outlier detection, treatment of multicollinearity by ridge regression, model diagnostics, robust regression and model selection by AIC), it was observed that the expression of the CDH1 gene was decreased in cervical lesions with a high methylation level at nucleotide -13 ( Fig. 3) , with an estimate of descent of -5.8735 [95% CI, -12.4992 to 0.7522; standard error (SE)=3.2487] and intercept equal to 1.4494 (95% CI, -12.4992 to 0.7522; SE=0.3224). Although the slope was only weakly significant (P=0.0803), the P-value cannot be taken at face value due to the well-known post-model selection inferences issues (27) .
In control samples, model building with ridge regression revealed that nucleotides +103 and +107 are the only significant predictors. When fed into the multivariate regression analysis, solely nucleotide +107 was revealed to be statistically significant (P=0.04815), with a negative slope of -30.1142 (SE=14.7210) and an intercept of 2.5474 (SE=0.5961). As an alternative to the general linear model, the multivariate adaptive regression splines model was used, which among all the nucleotides, it selected solely nucleotide +103 (Fig. 4) . Of note, this model suggested that the level of expression decreases as the methylation in nucleotide +103 increases up to ~10%, and above the cut-off, a saturation (plateau) appears.
Discussion
In present study, the methylation status of the CDH1 promoter was investigated in cervical cells from precursor lesions, which represent a source for detecting biomarkers of relevance to cervical carcinogenesis. The CDH1 promoter was frequently reported to be methylated in numerous types of gynecological cancer, including breast (28), ovarian (29) , endometrial (30) and cervical cancer. CDH1 gene hypermethylation is also detectable in the serum of patients with cervical cancer (31) . The majority of studies to date have examined promoter methylation in tissue sections or cell lines, while studies on cervical cytology specimens were less frequent and had more different results for CDH1 methylation (21-23). The selected promoter was observed to be methylated in 58% of cervical cancer specimens and in 29% of HSIL, although, these results, in a survey of 51 studies, were observed to be dependent on the analysis method and the type of clinical material used (23) . Similarly, the present study detected CDH1 methylation in 21.7% of HSIL, 46.2% of SCC and 20.6% of LSIL specimens. Previous studies investigating the CDH1 methylation status of LSIL specimens are uncommon; CDH1 methylation was not present (32, 33) or was only detected in a small percentage of samples (11.3% of LSIL and 13.3% of normal cervical epithelium) (34) . The unequal probability of CDH1 methylation in LSIL and HSIL was statistically significant (P= 0.0012 and P=0.0005, respectively), which suggests that methylation in this lesions is not random and may represent an early carcinogenesis event, in contrast to the random methylation of CDH1 in SCC patients. The presence of CDH1 methylation in cervical lesions represents just one of all possible methylated targets. As it is generally known, different genes can be methylated in cervical cancer, while the combination of various methylated genes can act as a co-driver of carcinogenesis (21) (22) (23) (24) . As a consequence, and due to its specific role in cell adhesion, CDH1 should be considered.
It has been postulated that DNA methylation is age-related and usually occurs at age-related sites of the human genome (35) . Cells have a lower threshold for malignant transformation and are more susceptible to cancer when acquire methylation at age-related sites (35) . In the present study, CDH1 methylation was more frequent in patients older than 50 years (P=0.01085), indicating that the presence of promoter hypermethylation could be age-related, as it has been reported for other genes (36) .
Cervical cancer is also associated with long-term persistence of HPV infection, which may induce progression of high-grade cervical dysplasia to cervical cancer, together with aberrant DNA methylation in the host genome (37) . HPV infection with high-risk HPV types causes changes in the methylation status of cellular genes through upregulation of DNA methyltransferases (37) . Viral oncogenes can induce tumor suppressor gene methylation (38) , as well as expression of E7 and E6, which results in a further reduction in surface E-cadherin levels (39) . A previous study by Flatley et al (40) reported that high-risk HPV infection may influence folate status and the frequency of promoter methylation of three tumor suppressor genes (CDH1, death-associated protein kinase and hypermethylated in cancer 1), which increased with the progression of cervical neoplasia. In the present study, HPV infection was not demonstrated to affect the methylation pattern of the CDH1 gene (P=0.627; 95% CI, -1.00 to 0.2596) or the E6 expression of high-risk HPV genotypes (P=0.3299; 95% CI, -∞ to -0.4519; data not shown). No correlation between the promoter methylation status of the CDH1 gene and the patients' clinicopathological parameters, including HPV infection, phenotypic distribution or stage of the disease, was observed in other studies (41, 42) . Thus, the impact of HPV infection on DNA methylation of the host genome still remains controversial.
To distinguish samples with methylated and unmethylated CDH1 promoter, MSP was used as the first step of the current study. Quantitative pyrosequencing was used for monitoring the ratio of methylated CpG islands in a nucleotide sequence. This provided additional information concerning the methylation of CpG islands. The level of DNA methylation within the CDH1 promoter was measured in normal cervical specimens and in cervical lesions with various stages of dysplasia. MSP is a widely used method to assess the methylation status of any group of CpG sites within a CpG island without the requirement for restriction enzymes, and exhibits a sensitivity of methylation detection of 0.1% of alleles (43) . By pyrosequencing, the degree of methylation at several CpGs in close proximity can be quantitatively measured (44) . The methylation at each CpG position in a sequence is determined from the ratio of T and C (44) . However, the methylation values measured by pyrosequencing in the present study ranged from 0 to 6% in certain CpGs analyzed in unmethylated control DNA samples (data not shown). Various authors recommend the use of a ≥10% threshold of methylation to classify samples as methylated (45) . However, the present study used statistical analysis to differentiate between significantly methylated and unmethylated CpGs in various types of cervical dysplasia compared with the mean methylation level at each CpG position in the control group (Table II) . The results confirmed that certain CpGs in MSP-methylated samples had significantly higher methylation levels than those detected in the unmethylated controls. Following a detailed analysis of the CDH1 promoter sequence, two CpGs in the internal forward primer (nucleotides -13 and +9) and three CpGs in the internal reverse primer sequence (nucleotides +70, +75 and +80) were observed to have a significant influence on the result of MSP. When these nucleotides were used in the logistic regression for MSP an AUC of 61.18% was achieved. If, instead, a logistic regression model for MSP was constructed with use of all CpGs, the nucleotides -45, +70, +90 and +107 appeared to be most important, leading to an AUC of 79.6%. ROC curves for each nucleotide had weak AUC, and due to the low number of samples in the study, no analysis for prediction of high-grade lesion or cancer was performed. However, studies evaluating the ability of DNA methylation levels to identify cervical cancer cases usually use combination of genes and clinicopathological features to improve AUC and to increase the sensitivity and specificity of the test to identify cancer (46) .
In the last part of the present study, the level of CDH1 gene expression was measured, and the association between CDH1 hypermethylation at each CpG island and CDH1 gene expression level was evaluated. The expression of E-cadherin, as a major adhesion component of epithelial cells, has been observed to be reduced or lost in epithelial tumor types by promoter hypermethylation mechanisms (47) . It has been also reported that the presence and localization of cytoplasmic E-cadherin correlated with CIN grade (48) . In other types of cancer, the degree of CpG methylation increased as the precancerous conditions progressed (49) . The present study detected significantly reduced expression of the CDH1 gene in SILs or cancers (P=0.0162) compared with control samples. According to our observations, HPV infection had no effect on the relative quantity of E-cadherin (P=0.8117). However, E6 oncogene expression decreased the CDH1 gene expression only in HPV16 or 18-positive LSILs (P=0.0359). The HPV E6 protein has been shown to interact with cellular proteins; it creates a complex with p53 and mediates its degradation by the ubiquitin system (50) . The E6 protein reduces the expression of cell-surface E-cadherin, and thus has also a function in the control of cell-surface E-cadherin expression and in the regulation of the cutaneous immune response in virus-infected skin (51) . A previous study noticed that E-cadherin transcription regulation by E6 is independent of direct methylation of the E-cadherin promoter (39) . Therefore, further studies are required.
In statistical analysis investigating the influence of methylation at each CpG position of the CDH1 promoter on CDH1 gene expression, the present study revealed that nucleotides +103 and +107 were the most influential ones on CDH1 gene expression in control samples. These nucleotides are localized near the CTCF binding site, and were observed to be methylated also in the control cell line HCT116 (39) . In the present study in SILs, the main effect on CDH1 gene expression was exerted by nucleotide -13, which is localized near the Snail binding site. Regulation of E-cadherin gene expression in metastatic and non-metastatic cancer cells demonstrated that methylation states, chromatin constraint and Snail family transcription factors are important in the downregulation of E-cadherin gene expression (52) . The presence of DNA methylation sites near the transcription factor binding sites could be required for efficient transcriptional regulation of E-cadherin and other tumor suppressor genes. However, further studies are required to elucidate the molecular interaction of E-cadherin promoter methylation and transcription factor binding (53) .
In summary, E-cadherin expression during tumor progression was observed to be downregulated by several mechanisms, including genetic, epigenetic and transcriptional changes. The present study confirmed that epigenetic changes such as DNA methylation of the CDH1 promoter are frequent in LSILs. Similarly, CDH1 methylation was observed to be present in HSILs and in ~50% of cervical cancer specimens. CDH1 gene expression was reduced during SIL progression in the present study; however, the influence of HPV infection or HPV E6 expression on the methylation pattern of the CDH1 gene or its gene expression could not be confirmed. It was established that not all HPV infected cervical dysplasia develop into cancer, indicating that factors other than HPV viral proteins contribute to the progression to cervical cancer (54) . The current findings support also the claim that methylation of the CDH1 gene is age-related, and therefore, older patients could be more susceptible to cancer than younger ones. The important methylation of the CDH1 promoter occurred near the transcription factor binding sites, which suggests that methylation at these sites may be an important event in the transcriptional regulation of E-cadherin and other genes, although additional studies are required to confirm this hypothesis. Inactivation of the E-cadherin system by multiple mechanisms, including genetic and epigenetic events, plays a significant role in both the early and late stages of multistep carcinogenesis (49) .
